Novel electrospun polyacrylonitrile (PAN) nanofibrous membranes were prepared by using heat-press lamination under various conditions. The air permeability and the burst-pressure tests were run to select the membranes for point-of-use air and water cleaning. Membrane characterization was performed by using scanning electron microscopy, contact angle, and average pore size measurements. Selected membranes were used for both air dust filtration and cross-flow water filtration tests. Air dust filter results indicated that electrospun PAN nanofibrous membranes showed very high air-dust filtration efficiency of more than 99.99 % in between PM 0.3 and PM 2.5 , whereas crossflow filtration test showed very high water permeability over 600 L/(m 2 hbar) after 6 h of operation. Combining their excellent efficiency and water permeability, these membranes offer an ideal solution to filter both air and water pollutants.
Introduction
Water and air pollution are increasing concern all over the world as a risk of human health. [1] [2] [3] Air pollution can cause asthma, skin irritation, nausea, cancer, brain damage, birth defects, respiratory and heart problems due to gaseous pollutants and particulate matter (PM). [4] [5] [6] [7] [8] Based on inhalable particle size, PM is classified into coarse (2.5-10 μm), fine (0.1-2.5 μm) and ultrafine (< 0.1 μm). [9] Exposure to elevated PM levels over the long term can reduce life expectancy by a few years while short-term exposure contributes to acute cardiovascular morbidity and mortality. [8] Under this condition, an efficient air filter is demanded to capture of air pollutants in different sizes. Textile based high-efficiency particulate air (HEPA) and ultra-low particulate air (ULPA) filters can capture very small PM with a filtration efficiency over than 99.90 %. [9] Fibrous materials that have fiber diameter about a few micrometers with porosity around 80-90 % can easily remove submicrometer and micrometer particles from air and water with a high efficiency. Beside the air pollution, water pollution is another issue that needs an emergency solution for the current and future life. The availability of freshwater resources has been reduced due to a growing population. As a result of population growth, the amount of water consumption and the number of manufacturing and industrial production have been increased.
The industries, such as chemical, paper, beverage, automotive, food, agriculture, power generation, textiles, and garments consume tons of water daily. By 2030, it is expected that the demand for water supply will exceed about 40 % of current supply. [10] Before reuse or releasing the used water directly to nature, it is necessary to clean the water from contaminations. Membrane technology is one of the effective and successful methods to compete with conventional separation process for the treatment of wastewater due to their low cost, energyefficiency, compactness, high permeability, and high selectivity and easy-to-operate properties. In principle, the membrane acts as a semi-permeable barrier that separates two distinct phases usually under a driving force. For an effective separation and high throughput, the membrane should have a proper pore size with a highly porous structure.
Nanofibrous webs have a large surface area to volume, high porosity, tight pore size and high permeability that make them an appropriate candidate for filtration applications. Therefore, nanofibers have received increased attention in water and air domain applications. The first commercialized application of electrospun nanofibers was in air filters. [11] Despite the high permeability and tight pore size, the application of nanofiber webs in the water domain area is limited. The main reason is the mechanical weakness of single layer nanofiber web. In the application of membranes, the nanofiber webs require additional supporting layer or additives to provide strength. Several methods have been reported to develop mechanical strength of the nanofiber webs. Blending of polymers, [12] dip-coating, [13] or polymer and an additive such as epoxy [14] or inorganics [15, 16] were suggested as solutions for the improvement of the strength. However, these methods require time and chemicals which is costly. Recently, Wirth et al. [17] reported ultrasonic welding of polyacrylonitrile (PAN) nanofiber mats without destruction of the mat morphology. Various welding patterns were used and their effects on adhesion forces between both joined nanofiber mats and different failure mechanisms have been investigated. The results indicated that some welding patterns enabled bonding stronger than the mats themselves.
However, this method still needs to optimize based on materials and the pattern of welding equipment. Other attempts to prevent damage of nanofiber webs have been done as nanofiber-coated yarn. [18] [19] [20] [21] A macroscopic size random yarn has been used as core and nanofiber layer was covered around. To form a textile structure, it is necessary to use knitting or weaving technology. An external yarn is necessary to cover for the protection of the open surface of the nanofiber layer before knitting or weaving which makes the process costly. In the various study, the nanofibers webs are combined to a support either like layer to layer or sandwiched structure between different layers. [22] [23] [24] [25] [26] [27] [28] [29] [30] Jiricek [31, 32] and Yalcinkaya et al. [24, 33] used a bi-component polyethylene (PE) /polypropylene (PP) spun bond as a supporting layer for nanofiber layers. Heat-press technique was applied using a fusing machine for the lamination process. The polyvinylidene fluoride (PVDF) and polyamide-6 (PA-6) nanofiber layers were adhered on the outer surface of the bi-component due to the low melting point of PE. The resultant multilayer nanofibrous membranes were used for water distillation and desalination. In the previous work, [26, 30] the PVDF nanofibrous membranes have been prepared using heat-press technique under various conditions. Results indicated that PVDF nanofibers are suitable as water and air filters.
In this work, polyacrylonitrile (PAN) nanofiber web was prepared using needle-free wire electrospinning industrial production method. PAN is easy to electrospun into nanofiber and has thermal stability, tolerance to most solvents, and commercial availability. [34, 35] The mechanical strength of the prepared electrospun web was improved by lamination with a supporting layer and adhesive web. The lamination conditions, such as temperature, duration of heat-press and force of the press have been investigated. The air permeability and burst pressure tests were run to determine membranes for air and water filtration test. The ultimate goal of this work is to introduce electrospun PAN nanofibrous membranes that prepared by industrial production method as air and water filter. So far, there has been no deep work reported for the lamination of PAN nanofibers using heat press under various lamination condition and then apply for both air and water filtration.
Results and Discussion

Selection of the Membranes
PAN nanofiber layer was laminated under various conditions and 18 types of membranes were prepared. The selection of the filter membranes has been done based on their air permeability and bursting pressure as shown in Figure 1 . Figure 1 is divided into 6 pieces according to the temperature and duration of lamination. In each piece, there are three values which show the lamination force in the order of 40, 50, and 100 kN, respectively. Membranes were selected according to high bursting pressure and the air permeability. Hence, there is no previous work dealing with optimum air permeability and the bursting pressure of membranes, we decided to select the membranes which had higher air permeability and bursting pressure. In this case, a line was drawn in Figure 1 , on 4 Lm À 2 s À 1 air permeability and 195 kN bursting pressure. The selective membranes were marked with a green square. Based on the Figure 1 , (a) the air permeability of the membranes decreased with increased temperature, applied lamination force, and lamination duration, (b) since, bursting pressure depends on both adhesion properties of the hybrid materials and the conditions of lamination, it is difficult to explain the relationship between bursting pressure and the lamination condition.
It is possible to say that, lamination force had an effect on bursting pressure, such as when the applied pressure increased the bursting pressure was increased. However, under high heat (130°C) and long lamination period (5 min), the adhesive web and nanofiber layer lost its strength and resulted in low resistance to delamination. Results also suggested that the air permeability of the membrane was in direct proportion to the applied force of the lamination process. Higher applied force means, melted adhesive can penetrate through the pores of the nanofiber layer and reduce the porosity of the membrane. The melted adhesive covered the surface of the nanofiber layer. As a result, a non-fibrous, film structure can form on the surface as shown in Figure 2 . The region of film adhesive on the surface of the membrane blocked the pores. Even though these regions 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 are not demanded, these regions provide better adhesion between the support and nanofiber layer. To prepare an optimal material, it should be considered both permeability and the bursting resistance of the membranes.
The air permeability is an important criterion for the membrane permittivity, especially for the air filters. On the other hand, bursting pressure shows the necessary minimum pressure to destroy or to separate nanofiber layer from the supporting materials. In this case, selection high air permeability and the bursting pressure are demanded. Based on the results in Figure 1 , only 5 membranes showed higher air permeability and at the same time higher bursting pressure. These membranes are; PAN_110_50_3, PAN_110_50_5, PAN_110_ 100_5, PAN_120_100_3, PAN_130_50_3, PAN_130_40_5.
Surface Characterization
The SEM images of the samples are taken and shown as in Figure 3 . Comparing the diameter of the fiber, SEM images showed that after the lamination process, the fiber diameter increased almost 75 % more due to the structural change of PAN under heat and pressure. Unlike the literature finding, [36] hot press process affected the fiber diameter of PAN nanofibers. Sabantina et al. [37] observed that the diameter of the PAN nanofiber on the polypropylene substrate increased while the PAN nanofiber diameter stayed constant on aluminum foil after stabilization under 280°C.
Under the force and applied temperature of the lamination, the fibers were getting flattened. Increasing applied temperature and the force caused fusion and bending. As a result, fiber diameter increased. Figure 3 (g) was taken to observe the fiber diameter under the highest force (100 kN), temperature (130°C) and duration (5 min) of the lamination. Apparently, PAN_130_ 100_5 had the highest fiber diameter among the others. In the literature, it was found that applying heat treatment increased the fusion at interfiber contact points which increased the mechanical strength of the electrospun membranes. [38, 39] The mechanical strength of the PAN nanofiber increased 760 times after hot-press process. [36] However, excessive lamination temperature, force, and duration may cause low mechanical strength and deterioration of the mechanical property.
Water contact angle of the membranes was measured and shown in Figure 4 . The contact angle results indicate that membranes are hydrophobic which is not an advantage for liquid separation. Membranes which has a water contact angle greater than or equal to 90°is counted as hydrophobic membranes. [22] It was found that the hydrophobic PVDF became hydrophilic after the lamination process. [30] Unlike the PVDF membranes, the lamination conditions at given range did not change the wettability of the membranes. The previous work showed that neat PAN nanofiber has a contact angle around 70°under the lamination condition at a temperature of 135°C and 50 kN pressure for 3 min. [40] That might be the melted effect of adhesive web and the changing of the PAN structure under high temperature. In general, it is known that hydrophobic membranes tend to foul easier than hydrophilic ones. For this reason, a surface modification is required for the increase of the electrospun PAN membrane wettability. Previous works showed that the hydrophilic surface modification of electrospun PAN membrane with plasma treatment was not long lasting while additional chemical modification provided permeant wettability. [40, 41] Membrane pore size is an important criterion for the selectivity and the permeability of the membrane. Pore size, size distribution, and porosity are parameters that directly influence the air permeability of the nanofiber web. Fiber diameter plays a major role in the pore size of the nanofiber layers. [42] [43] [44] The average pore size according to the fiber diameter of the membranes is shown in Figure 5 . The pore size and the fiber diameter of the membranes showed almost the same behavior. Pore size increased with fiber diameter. Li et al. showed that the pore size and pore size distribution of the polylactic acid (PLA) nanofiber membranes directly related to fiber diameter and area weight of the membrane. [45] Herein, the area weight of the membranes was kept the same while fiber diameter slightly changed depends on the lamination condition. In that case, it can be assumed that only fiber diameter and the lamination conditions are strongly associated with the pore size of the membranes. The adhesive during lamination process is melting and can fill pores of the membranes which might cause a reduction in pore size and porosity of the membranes. A proper lamination condition has to be determined without losing the performance of the membranes.
Filtration Results
Air filtration test was run and the removal of the particles in between PM 0.1 and PM 2.5 has been measured. Non-slip flow is the dominant mechanism for the high-efficiency particulate air (HEPA) and ultra-low particulate air (ULPA) filters. The problem of commercial HEPA and ULPA filters are that they can clog very easily due to the limited specific surface area. [9, 46] Since the fiber size of the nanofibers is small in the nm range, the slipflow mechanism becomes more important to disturb the airflow. [47] As a result, the dust particles are collected to the surface not inside of the nanofiber layer which could improve the cleaning of the membranes. The efficiency of the particle removal of the nanofibrous membranes is given in Figure 6 . In all experiments, the superficial air velocity was 5 cm/s with a filter area 100 cm 2 .
Air filtration results indicated that all the membranes have superior filtration efficiency over than 99.97 % at various particle sizes. Among all membranes, PAN_130_40_5 showed highest filter efficiency (> 99.999 %) for the PM 0.1 .
Zhao et al. [48] prepared PAN nanofibers in various fiber diameters using lithium chloride salt (LiCl) at various concentrations. The air transmission resistance of the PAN membranes was measured to verify slip flow of air molecules from the surface of the nanofibers. The slip-effect could be controlled by the fiber diameter at standard atmospheric condition. They found that the slip-effect was gradually weakening with the reduction of fiber diameter. Their results indicated that PAN fibrous membranes with the optimized parameters showed very high PM 2.5 purification efficiency of 99.09 %, low air resistance of 29.5 Pa, and long service life. In this work, since the fiber diameter of the membranes are almost equal after the lamination process, the lamination condition was the only effective parameter on the permeability of the membranes. To characterize the filter performance, quality factor (QF) was calculated. The QF of the membranes was calculated using the Eq. 1: [48, 49] QF ¼ lnð1-nÞ=DP ð1Þ
where P is the pressure drop, and n is the filtration efficiency. The quality factor has been calculated for the PM 0.1 . The QF of PAN membranes are given in Figure 7 . QF is directly proportional to filtration efficiency while was negatively proportional to the pressure drop. The higher the QF means the better the filter performance. Herein, both PAN 110_50_3 and PAN_130_ 40_5 showed the highest QF among the other membranes. The PAN 130_40_5 showed not only the better dust filtration efficiency, but also QF compared to other PAN membranes.
The results indicated that PAN nanofibrous membranes had high particle separation efficiency for coarse and fine particles. However, the air permeability of the PAN membranes was extremely low (lower than 6 Lm À 2 s
) which increase the pressure drop and low energy saving for long-term use. In general, nanofiber webs itself have a very low-pressure drop. After the lamination process, most probably the melted adhesive web filled to pores of nanofiber web and decreased the porosity of the membranes. As a result, the air permeability decreased. However, PAN membranes can be potentially employed as HEPA filter with high efficiency in clean air applications such as in airplanes, hospitals, and clean rooms.
The water permeability test was run using tap water. The tap water is not pure; it contains several minerals, inorganics, hormones, fluorine compounds, etc. that can cause membrane fouling. The water permeability test was run to proof whether the membranes were suitable for water treatment or not. The results are given in Figure 8 . The results indicated that the permeability of the membranes was over than 4000 L/(m 2 h bar). However, the permeability reduced gradually through the membrane in time due to several possible reasons such as concentration polarization and membrane fouling. [26, 50, 51] After 3 h of operation, the membrane permeability reached to steady-state. Among the all membranes, PAN_110_50_3, PAN_ 110_50_5 and PAN_120_100_3 showed the highest permeability (> 1200 L/(m 2 h bar)) after 6 h of operation. On the other hand, membranes that laminated at the highest temperature (130°C) showed the lowest permeability which is almost half of other membranes (> 600 L/(m 2 h bar)). The results indicated lamination temperature had an influence on the water permeability of PAN nanofibrous membranes. It was found that heated PAN nanofibers over their glass temperature, the segmental mobility of the molecular chains and dipole-dipole interaction of the nitrile groups increased. The nitrile groups started to release from their bound state. As a result, crystallization of the fiber improved. [52] [53] [54] Herein, the temperature most probably affects the crystalline structure and pore size ( Figure 5 ) of the PAN membranes which may reduce the water permeability. It was found that water absorption rate decreased with an increased crystallinity of the polymer. [55] [56] [57] It can be generalized that PAN nanofibrous membranes that laminated using heat-press showed extremely high permeability compared to that literature [58, 59] which showed less than 400 L/(m 2 h bar) for pure water permeation. Hwang et al. [60] compared three types of commercial membranes for crossflow microfiltration. The membranes were MF-Millipore® (made of mixed cellulose esters), Durapore® The results indicate, PAN nanofibrous membranes that laminated under various condition showed enormous water permeability. Electrospun PAN nanofibrous membrane seems a good candidate for the treatment of wastewater. Comparable results were obtained in the literature using PVDF nanofibrous membranes. [30] The PVDF nanofibrous membranes that were laminated under different condition using the same heat-press system showed very high water permeability. It can be concluded that the heat-press lamination system is suitable for the preparation of nanofibrous membranes for water treatment.
Conclusions
PAN nanofibers were laminated under various conditions and tested as air and liquid filtration in order to assay whether these laminated membranes are suitable for end use or not. The air permeability and the burst pressure tests determined the selective membranes according to their permeable structure and resistance to delamination. Selected membranes used for air and water filtration. The air filtration results showed the membranes had very high filtration efficiency (� 99.97) for PM 0.1 . However, the membranes showed very low air permeability due to adhesion method. The adhesive between the membrane and support melted and reduced the porosity of the membrane. The low air permeable membranes require more energy and which is costly. The air permeability problem can be overcome using different lamination technique. Conversely, PAN membranes showed very high water permeability (> 600 L/(m 2 h bar)) after 6 h of operation. Results indicate that electrospun PAN nanofibrous membranes laminated by heatpress are more suitable for water domain application compared to air filtration. Hence, the aim of this work is the investigation of the lamination process and effect on air and water filtration, the self-cleaning property and the surface modification of PAN membranes will be studied as future work.
Experimental Section
Preparation of Membranes 8 % wt. of PAN (150 kDa H-polymer, Elmarco, Liberec, Czech Republic) was prepared in N, N-dimethylacetamide (DMAc) and mixed over the night. The solvent was purchased from Penta s.r.o. (Prague, Czech Republic). The prepared solution was electrospun using needle-free electrospinning equipment (Nanospider NS 8S1600U, Elmarco, Liberec, Czech Republic). The spinning conditions were determined as; + 55 kV/-À 5 kV voltage with a distance between the electrodes was 188 mm. The humidity and the temperature were set as unchanged by using an air controlling unit as 20 % RH and 23°C. A backing paper was used as collecting material for the nanofiber with a speed of 15 mm/min. The final density of the nanofiber web was 3 g/m 2 . The details of the electrospinning system and the spinning conditions were given in somewhere else. [26] Prepared nanofiber webs were undergone to a lamination process to combine nanofibers onto a suitable substrate for filtration application. A co-polyamide adhesive web (Protechnic, Cernay, France) was used between 100 g/m 2 polyethylene terephthalate spun bond nonwoven supporting layer (Mogul Co. Ltd., Gaziantep, Turkey) and the PAN nanofiber to adhere layers. For this aim, heatpress (hot-press) equipment is used (Pracovni Stroje, Teplice, Czech Republic). Lamination condition was optimized by changing of applied heat, force and the duration of lamination time. Table 1 shows the lamination condition and the abbreviation of each sample. 18 samples were prepared and tested. The abbreviation of the samples was given according to the name of nanofiber_ lamination temperature_lamination force_duration of lamination.
Characterization of the Membranes
Scanning electron microscope (SEM, Vega 3SB, Brno, Czech Republic) and Krüss Drop Shape Analyzer DS4 (Krüss GmbH, Hamburg, Germany) were used to determine both surface shape and contact angle of the samples. At least 50 measurements for fiber diameter and 5 measurements for the contact angle were done. The pore size of the samples was measured according to capillary flow porosimetry theory using a custom-made device in our laboratory.
Burst-pressure of the nanofiber layer from the supporting layer was measured by the device built in our laboratory. [26] Using burstpressure, the minimum strength to burst nanofibrous membranes was measured.
Filtration tests
The air permeability of all multilayer nanofibrous membranes was tested using an SDL ATLAS Air Permeability Tester (@200 Pa and 20 cm 2 , South Carolina, US). At least three measurements were taken for each sample.
For air filtration, the particle filtration test for the selected membranes done was by MPF 1000 HEPA filtration device (PALAS GmbH, Karlsruhe, Germany) in between PM 0.1 and PM 2.5 .
A cross-flow filtration unit was built in our laboratory for the water filtration test as shown in Figure 9 . The flux (F) and the permeability where A is the effective membrane area (m 2 ), V is the total volume of the permeate (L), p is the transmembrane pressure (bar), and t is the filtration time (h).
